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Abstract
The paper presents a comprehensive analysis of elastic properties of polystyrene-
based nanocomposites filled with different types of inclusions: small spherical
particles (SiO2 and Al2O3), alumosilicates (montmorillonite, halloysite natu-
ral tubules and Mica) and carbon nanofillers (carbon black and multi-walled
carbon nanotubes). Composites were fabricated by melt technology. The
analysis of composite melts showed that the introduction of Montmorillonite,
Multi-walled carbon nanotubes, and Al2O3 particles provided an increase in
melt viscosity by an average of 2 to 5 orders of magnitude over the pure
polystyrene. Block samples of composites with different filler concentrations
were prepared, and their linear and nonlinear elastic properties were studied.
The introduction of more rigid particles led to a more profound increase in
the elastic modulus of the composite, with the highest rise of about 80% ob-
tained with carbon fillers. Carbon black particles provided also an enhanced
strength at break of about 20% higher than that of pure polystyrene.
The nonlinear elastic moduli of composites were shown to be more sen-
sitive to addition of filler particles to the polymer matrix than the linear
ones. The nonlinearity coefficient β comprising the combination of linear
and nonlinear elastic moduli of a material demonstrated considerable changes
correlating with changes of the Young’s modulus. The absolute value of β
showed rise in 1.5–1.6 times in the CB- and HNT-containing composites as
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compared to that of pure PS. The changes in nonlinear elasticity of fabri-
cated composites were compared with measurements of the parameters of
bulk nonlinear strain waves in them. Variations of wave velocity and decay
decrement correlated with observed enhancement of materials nonlinearity.
Keywords: Polymer nanocomposites, Polystyrene, Elastic moduli, Strain
solitons, Digital holography
1. Introduction
Micro- and nanostructured composites become very popular nowadays
in various engineering applications, see e.g. [1]. Most of them contain or-
dered inclusions, i.e., they are manufactured in the form of a matrix filled
with oriented filaments made of another material. Numerous examples can
be mentioned in this context, from rebar-reinforced concrete to carbon- and
boron-reinforced composites for solar batteries. Disordered composites are of
common interest as well, with most intriguing ones being filled with nanopar-
ticles, which can drastically improve a resulting material strength, stiffness
and other physical parameters providing at the same time a uniform mate-
rial at the macroscale. Numerous examples were published recently demon-
strating significant advantages of nanocomposites over matrix materials, see
e.g. [2, 3, 4, 5, 6, 7, 8], in particular in view of their enhanced mechanical
properties and potential multifunctionality. Composites on the base of poly-
mer matrices with various nano-sized fillers is one of the most widely used
classes of nanocomposites.
However, in view of mechanical properties a major disadvantage, common
for all polymer nanocomposites, is low predictability of resultant parameters.
The uncertainty is mainly due to nonuniform distribution and agglomeration
of filler particles in a matrix causing areas with reduced interfacial inter-
action between the matrix and the filler. The existing experimental data
demonstrate considerable variations of measured parameters for the same
compositions of materials [8].
In the first approximation, elastic properties of a material are governed
by the linear elastic moduli, which characterize elastic stresses of a solid at
small strains. Since linear moduli give a quadratic contribution to the elastic
energy, they are also called the second-order moduli. Linear elastic properties
of composite materials have been extensively studied both in theory and
experiments and expressions for second-order moduli of elasticity have been
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derived in various models, see e.g. [9, 10]. It is worth noting though that
at comparatively low volume concentrations (up to 10–15%) of a filler the
effective moduli of a composite calculated in terms of the above mentioned
models give close values. However, theoretical estimations of elastic moduli
values are, as a rule, much higher than the results of measurements. It may be
caused by an assumption of regular (uniform) distribution of nanoinclusions
in a polymer, that is far from a real material structure due to manufacturing
approaches.
Inhomogeneous distribution of nanoinclusions in a matrix and their micron-
sized agglomerates lead to inhomogenenous strength in the composite volume
and appearance of local finite-size areas with lower stiffness. For this reason
the micromechanical models were refined to take into consideration an in-
trinsic small-scale inhomogeneity of nanocomposites, and its impact on the
structure strength, see, e.g. [11, 12, 13].
At higher strains nonlinear elasticity makes increasingly notable contribu-
tion into material behavior. The deviation of stress-strain relation in elastic
regime from linear dependence is described by third-order (nonlinear) elas-
tic moduli. In Murnaghan’s theory [14] the nonlinear elastic behavior of
an isotropic solid material is described by three nonlinear, third-order mod-
uli (l,m, n) and two linear, second-order, Lame´ constants (λ, µ). It was
demonstrated that third-order elastic moduli and their linear combinations
are informative for the prediction of fatigue damage, for description of ther-
moelastic properties of crystalline solids, acoustic radiation stress, radiation-
induced static strains, creep, thermal aging, wave processes, etc. In general
nonlinear parameters were demonstrated to be more sensitive to structural
changes in the material than linear ones.
In nanocomposites, the elastic nonlinear effects are enhanced due to local-
ization of deformation near nanoparticles. Theoretical models of the nonlin-
ear elastic properties of composite materials are still in an active development
[15, 16, 17, 18, 19, 20]. A theory, which takes into account nonlinear elastic
properties of both the matrix and the filler was developed recently for the
case of spherical inclusions [21]. The experimental validation of theoretical
predictions is highly desirable, however by now measurements of nonlinear
elastic properties of composites are very rare. And to the best of our knowl-
edge no data on that for polymeric composites has been published as yet.
A wide variety of existing nanofillers can be classified basing on their di-
mensionality: 2D (nanosheets), 1D (nanotubes), and 0D (spherical nanopar-
ticles) [6]. As known carbon-based nanofillers exhibit most promising prop-
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erties as potential nanofillers due to their high mechanical strength and high
aspect ratio. For instance, carbon nanotubes were shown to have the tensile
modulus up to 1 TPa, the tensile strength in the range of 50–150 GPa [22, 23]
and high aspect ratio (> 1000). Among 2D nanofillers Montmorillonite sheets
provide relatively high Young’s modulus reported to be within the range of
178-265 GPa [24] and relatively high aspect ratio (> 50). The excellent
properties of these nanofillers make them good candidates for reinforcement
of polymer matrices. However, the major drawbacks of high-aspect-ratio par-
ticles is an elevated agglomeration due to an increased surface-to-bulk ratio
causing forces that attract particles to each other. Zero-dimensional particles
demonstrate much lower agglomeration but provide moderate enhancement
of mechanical properties.
In this paper we report a complex multi-method experimental analysis of
mechanical properties of composites based on polystyrene matrix with ad-
dition of nanofillers of different nature, dimensionality and size. Composite
samples with different filler concentrations were fabricated by melt technol-
ogy, and properties of both composite melts and resulting composite samples
were examined and analyzed.
The paper is organized as follows. Section 2 is devoted to the description
of the applied materials, composite fabrication technology and methodologies
used for testing of composite samples. The results obtained and discussion
are presented in Section 3. First we describe properties of composite melts
obtained from thermal analysis by differential scanning calorimetry and con-
trol of filler distribution in the polymer matrix. Then we present data on
linear elastic properties (elastic modulus, strength and strain at break) of
composites obtained from tensile tests. Then we focus on those composites
which demonstrated most profound changes of linear parameters as compared
to pure polymer and present data on their nonlinear elastic parameters ob-
tained from ultrasonic measurements at static stress. Finally we analyze
changes in composites elasticity on the specific example of nonlinear elastic
process: evolution of bulk strain solitary waves in fabricated materials. The
conclusions made are summarized in Section 4.
2. Materials and methods
2.1. Materials
The grained 585 polystyrene (Nizhnekamskneftekhim, Russia) was used
as a polymer matrix for all the composite samples. The main parameters of
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polystyrene as specified by the manufacturer are shown in Table 1. The fol-
lowing materials were applied as (nano)fillers: Silicon dioxide (SiO2) particles
Aerosil R812 modified by silazane (Evonic Industries, Germany); Alumina
nanoparticles (Al2O3) Aeroxide Alu C805 modified by octylsilane (Evonic In-
dustries, Germany); Carbon Black (CB) P-805E (Ivanovskiy tekuglerod and
rubber, Russia), Multi-walled carbon nanotubes (CNT) CTube-100 (CNT
Co. Ltd., Republic of Korea); Halloysite Natural Tubules (HNT) (Natural-
Nano Inc., USA), Sheet silicate (phyllosilicate) minerals Mica ME-100 (Mica)
(CBC Co Ltd., Tokyo, Japan), Montmorillonite 15A (MMT) (Southern Clay
Products Inc., USA). The data on filler particle dimensions are summarized
in Table 2.
As known [25, 26] with an increase in the axial ratio of nanoparticles, an
increase in the mechanical properties of polymer composites is observed at
lower concentrations. So with the introduction of spherical dispersed par-
ticles, an increase in strength or elastic modulus of polymer composites is
observed at filler concentrations more than tens of percent [27], but, for ex-
ample, with the introduction of carbon nanotubes, the increase of strength
and stiffness of composites is already observed with the introduction a few
percent or tenths of a percent [28, 29]. It was shown in the works that in cases
of intercalation of macromolecules and dispersion to individual nanolayers
with a thickness of about 1 nm, the properties of polymer composites signif-
icantly improve already at low degrees of their filling with layered silicates
[30, 31, 32]. Therefore, in our work, spherical particles were introduced in
PS-matrix up to 20% with regard to polymer weight, layered silicates up to
5% wt., anisodiametric filler concentration did not exceed 10-15% wt.
Parameter Value
Melt flow index 2.8± 0.7
Vicat softening temperature, ◦C 100
Tensile strength at break, MPa 48.0
Flexural strength, MPa 95.0
Weight fraction of residual styrene, % 0.05
Table 1: Characteristics of 585 polystyrene
Nanocomposites consisting of the PS matrix with specified nanofillers
were manufactured by melt technology. The affordability and efficient per-
formance frequently make this technology a method of choice for polymer
processing in various industries. PS-based compositions were prepared using
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Filler Particle size
SiO2 Diameter ∼ 7 nm
Al2O3 Diameter ∼ 13 nm
CB Diameter ∼ 80 nm
CNT Diameter 10–40 nm,
Length 1–25 µm
HNT Diameter ∼ 100 nm,
Length 0.5–1.2 µm
Mica Average size 1–5 µm
MMT Average size . 10 µm
Table 2: Dimensional specifications of filler particles
a twin-screw micro compounder DSM Xplore 5 mL (Netherlands). Com-
pounding was carried out at 220 ◦C for 10 min at 50 rpm/min. Block samples
were fabricated by injecting the solution into a die heated to 80 ◦C. When re-
moved from the microinjector the die self-cooled down to room temperature
in air. Block samples of composites of two types have been manufactured:
plates 50 × 10 × 1.5 mm and blades with the working area of 20 × 4 × 1.5
mm. Reference samples of the same shapes but made of pure PS have been
manufactured as well for reference.
2.2. Testing of composite samples
As known several key factors are critical for achieving an improvement
in mechanical properties of a polymer through addition of a nanofiller. The
following requirements should be addressed: (1) filler particles should have
mechanical properties notably different from those of the matrix; (2) it is
preferable that they would have high aspect ratio and high surface area to
enable better interaction with the polymer; and (3) they should be well
dispersed and agglomeration should be avoided [6].
The comprehensive analysis was performed on mechanical properties of
both PS-filler melts and composite samples. Rheological characteristics of
melts of PS with different kinds of particles were determined using the
rheometer Physica MCR 301 (Anton Paar GmbH, Austria) in a CP25-2
cone-plane measurement unit at 200 ◦C and 220 ◦C in shear and dynamic
(oscillatory) modes with a decrease (Down) and increase (Top) of the strain
rate (circular frequency) in air. The influence of particle concentration on
the mechanical properties of nanocomposites in tension was studied using In-
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stron 5940 universal testing system (USA) at a stretching rate of 5 mm/min
and base length of 20 mm. Basing on the tensile test data, the strength at
break (σb, MPa), strain at break (b, %) and elastic modulus (E0, GPa) have
been determined. The dispersion of nanoparticles in the polymer matrix was
estimated from the micrographs of cryo-cleavage surfaces of the composite
samples. The micrographs were taken using a Carl Zeiss Supra-55 scanning
electron microscope.
2.3. Evaluation of nonlinear elastic properties
Nonlinear elastic properties of composite samples were examined through
relative variations of the third-order elastic moduli in nanocomosite samples
as compared to those of pure polymer samples. The experimental methodol-
ogy is based on the approach suggested by Hughes and Kelly [33] and utilizes
the analysis of the dependence of the velocity of longitudinal and shear ul-
trasonic waves in the sample upon the applied static transverse stress. See
[34] for details of methodology applied.
Specimens were composed from 3 plates of a composite adhesively bonded
with the Superglue ethylcyanoacrylate adhesive. Uniaxial static stress was
applied to a longer side of the rectangular specimen. Testing was performed
in perpendicular direction by longitudinal and shear sine ultrasonic waves at
2.25 MHz. Wave shifts at stepwise increase of the applied static stress were
recorded providing data on changes of wave velocity as function of applied
stress. Then the set of introduced effective longitudinal and shear moduli:
Mx = V
2
x ρ0, Gy = V
2
y ρ0, Gz = V
2
z ρ0 plotted as function of stress provide
data on the set of second- and third-order elastic moduli of the specimen
material. The second-order Lame’s moduli λ, µ are calculated from wave
velocities at zero stress and third-order Murnaghan’s moduli l,m, n from the
slope coefficients, as shown in [34].
The resulting equations for calculation of the set of Murnaghan’s moduli
can be written as:
l = −3λ+ 2µ
2
αx − λ(λ+ µ)
µ
(1 + 2αy) +
λ2
2µ
(1− 2αz), (1)
m = −2(λ+ µ) (1 + αy) + λ (1− αz) , (2)
n = −4µ (1 + αy − αz) . (3)
where αx, αy and αz are dimensionless slope coefficients of the dependencies
of corresponding effective moduli as function of applied uniaxial stress.
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As known the nonlinear elastic moduli are more sensitive to structural
changes in a material than the linear ones. Obviously, the third-order moduli
of composites depend drastically not only on the type and concentration
of inclusions but also on their distribution in the matrix. Inhomogeneous
distribution and formation of agglomerates can cause considerable changes in
these parameters. That means that ideally measurements of these parameters
are to be made for each particular composite sample.
2.4. Generation and monitoring of nonlinear strain waves
The nonlinear elastic properties of materials can provide conditions favourable
for formation of bulk strain solitary waves in waveguides made of them. As
known ([35]), the nonlinear elasticity of a material can cause formation of
a longitudinal strain wave u with the amplitude A, velocity v and width L,
that is described by the equation:
u(x− vt) = A cosh−2
(
x− vt
L
)
(4)
It can be shown that the relationship of the soliton amplitude with its
velocity depends only on integral parameters of the material and takes the
form:
A = 3(v2 − c2)
∫
ρdy∫
βdy
(5)
where c is sound velocity and β < 0 is the nonlinearity coefficient comprising
a combination of the second- (E, ν) and third-order Murnaghan (l,m, n)
elastic moduli of the material:
β = 3E + 2l(1− 2ν)3 + 4m(1 + ν)2(1− 2ν) + 6nν2 (6)
In our experiments solitons were formed in bar-shaped waveguides from
initial laser-induced shock waves generated in water nearby the waveguide
input. Soliton evolution in a waveguide was monitored using a digital holo-
graphic set-up as described in detail in our earlier papers, e.g. [36, 37]. The
holographic approach provides information on spatial distributions of refrac-
tive index gradient inside a transparent sample and was already demonstrated
to be an efficient tool for detection of local density variations formed by a
strain wave (see [38, 36] and references therein). Soliton amplitude and width
were determined from phase shift distributions introduced in the recording
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wave front by wave-induced density gradients and its velocity was calculated
from precise measurements of its position in the course of its propagation
in the waveguide. Note that the reported holographic arrangement operates
with transparent specimens only, and to perform wave monitoring in opaque
materials as all of the composites are, we recently suggested an amplificatory
approach allowing an indirect detection of strain waves in opaque materials
by monitoring phase shift gradients in a layer of transparent material adhe-
sively bonded to the layer made of the material of interest [39, 40]. As shown
in [39], in a layered bar made of two different materials a single soliton is
formed which amplitude and width depend upon elastic properties of the
corresponding materials. And as shown in [40] the soliton velocity measured
in such a sandwich waveguide in one of the layers equals to the arithmetic
mean of soliton velocities in waveguides of the same geometry but made of
each of the materials.
Due to the integral dependence of soliton amplitude and velocity on the
waveguide parameters (Eq. (5)) these characteristics do not depend on the
number and order of longitudinal layers of different materials in a waveguide.
That is why in experiments we used two- and three-layered bars 10× 10 mm
in cross-section, made of a transparent layer of commercial PS and a layer(s)
of a fabricated PS-based nanocomposite. Measurements made with these
waveguides were compared with those made with a similar waveguide where
the nanocomposite layer was substituted by a layer of pure PS but fabricated
by the same technology as a composite. The nanocomposite layers and those
of fabricated PS samples were made by bonding the corresponding plates
with the ethylcyanoacrylate adhesive (Superglue). As we have demonstrated
previously [41, 40], elastic features of this adhesive are close to those of the
applied polymers and it does not affect noticeably the soliton behavior.
In these experiments we tested nanocomposite samples with the fillers of
three types: spherical particles SiO2, alumosilicate particles with high aspect
ratio HNT, and carbon particles CB. Evolution of solitons in the waveguides
with these materials was monitored and their velocities and decay decrements
were determined.
3. Results and discussion
3.1. Properties of composite melts
Temperature ranges optimal for polystyrene processing by melt technol-
ogy, i.e. temperature in the extruder chamber and mold temperature, were
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Figure 1: DSC curve of pure PS pellets (1st and 2nd scan).
evaluated by thermal analysis by differential scanning calorimetry (DSC).
The glass transition temperature of pure PS pellets obtained from DSC ther-
mograms (Fig. 1) comprised Tg = 106
◦C. Therefore the temperature range
for polymer processing was chosen to be 200–220 ◦C, while the mold temper-
ature had to be below 100 ◦C.
Fig. 2 presents experimental dependencies of melt viscosity on the defor-
mation rate (circular frequency) for the fabricated PS-based composites with
different filler concentrations. As can be seen in Fig. 2(a) the introduction of
carbon nanoparticles caused an increase in melt viscosity, with the highest
rise observed for filler particles with high aspect ratio (CNT). The viscosity
of composites with 10% CB was higher than that of pure PS by an order of
magnitude, while that of composites with 10% CNT – by two orders of mag-
nitude at low shear rates. PS-based composites filled with Al2O3 and MMT
(Fig. 2(b,c)) showed similar dependencies: at maximal filler concentrations,
20% Al2O3 and 5% MMT, the melt viscosity at low shear rates increased by
two orders of magnitude as compared to that of pure polymer. Composites
filled with SiO2 and HNT also demonstrated increased melt viscosity, with
the highest rise by an order of magnitude observed at low shear rates for
samples with maximal filler concentrations, 20% SiO2 and 15% HNT, see
Fig. 2(e,f). The melt viscosity of composites with Mica particles remained
about the same as that of pure PS, Fig. 2(d).
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Therefore, the introduction of different types of particles, except Mica,
to PS melts caused noticeable rise of melt viscosity depending upon filler
concentration. The most pronounced rise was observed with the introduction
of MMT, CNT and Al2O3 at high concentrations. The effective viscosity of
the polymer melt at these filler concentrations increased by an average of
2 or 5 orders of magnitude over the pure PS. The rise of melt viscosity at
low shear rates is known to be indicative of formation of a network structure
between the polymer and a filler, see [42, 43].
3.2. Filler distribution in the polymer matrix
The dispersion of filler particles in the polymer matrix was controlled
by microscopic analysis of cryo-cleavage surfaces of composites. Representa-
tive examples of microphotographs of composites containing 3% MMT, 10%
Al2O3 and 10% CNT are shown in Fig. 3. As can be seen in Fig. 3 all the
three types of particles were rather uniformly distributed in the PS matrix,
while agglomerates with a maximal size of about 1–2 µm were observed in
some samples.
3.3. Linear elastic properties of composites
The values of elastic modulus, strength and strain at break of fabricated
samples of PS-based composites filled with different nanoparticles are sum-
marized in Table 3. The dependence of the elastic modulus of composites on
the type and concentration of fillers is presented in Fig. 4.
As can be seen from Table 3, the introduction of Mica nanoparticles led
to an increase in the elastic modulus of the PS-based composite reaching E
= 1.9 GPa at the maximal concentration of 5%. That amounts for 19% rise
over that for pure PS (E0 = 1.6 GPa). At the same time the elongation
at break reduced by 30% and reached a value of 3.9%. It is worth noting
that composite strength remained at the level of pure PS (σb = 56 MPa)
regardless of Mica concentration. The introduction of HNT also caused an
increase of the elastic modulus, however at higher concentrations of the filler.
The noticeable rise of the modulus, in 25% and 30%, was achieved at 10%
and 15% concentrations of HNT respectively. The elongation at break de-
creased by 60% and the strength at break by almost 20% as compared to pure
PS. MMT nanoparticles provided changes in the elastic modulus similar to
those with Mica at the same concentrations. While strength and elongation
at break demonstrated more profound changes: at the concentration of 5%
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Figure 2: Experimental dependencies of viscosity on the deformation rate (circular fre-
quency) for pure PS and PS-based composites filled with carbon nanoparticles at 200 ◦C
(a), alumina nanoparticles at 200 ◦C (b), montmorillonite at 220 ◦C (c), sheet silicate min-
erals at 220 ◦C (d), silicon dioxide at 220 ◦C (e) and halloysite natural tubules at 220 ◦C
(f).
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Figure 3: Microphotographs of cryo-cleaved surfaces of samples: a) pure PS, b) PS + 3%
MMT, c) PS + 10% Al2O3, d) PS + 10% CNT.
MMT the sample strength decreased from 56 to 46 MPa (18%), and elon-
gation decreased from 5.6 to 2.6% (54%). Thus the introduction of different
alumosilicate particles into the PS matrix can provided noticeable increase
in elastic modulus with just small decrease of strength at break.
Silicon oxide particles provided only slight increase in material rigidity at
the concentrations up to 10%, while concentrations over 10% did not cause
any further significant rise of the elastic modulus that achieved a maximum
value of 1.83 GPa (14% rise over pure PS). With increasing stiffness samples
became much more brittle, their deformation at break b dropped down by
60% and achieved the value of 2.2% at 20% concentration of SiO2. The
sample strength also decreased by about 50% at the concentrations of 10%
and 20% SiO2. Introduction of spherical nanoparticles of Al2O3 resulted in
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the increase of material stiffness in tension. The elastic modulus rised up to
2 GPa (20% rise) at the filler concentration of 20%. At the same time, the
composite strength and strain at beak decreased by 20% and 40%, respec-
tively. Thus, the introduction of small spherical particles did not provide any
challenging improvement of elastic properties of material.
The introduction of carbon nanoparticles caused most pronounced changes
in elastic properties of composites. In particular, stiffness in tension of PS-
based composites filled with CB increased noticeably and at the concentra-
tion of 10% the elastic modulus reached E0 = 2.8 GPa, that is 65% higher
than that for pure PS. However higher filler concentrations did not cause
any significant increase of the elastic modulus, which rised up to E0 = 3.0
GPa only at 20% CB. With increasing stiffness of the samples deformation at
break decreased and at the concentration of 20% b comprised 2.1%, which
is 2.5 times lower than that of pure PS. The strength at break reached its
maximum of 74 MPa at 10% of CB, rising by 17% over that of pure PS and
then dropped down to 65 MPa at 20% CB, being however still higher than
that of pure PS. The introduction of CNT also provided an increase in the
elastic modulus of composites, which achieved 2.8 GPa at 10% concentration.
At the same time particles with high aspect ratio caused the decrease in both
composite strength and strain at break. At 10% concentration of CNT σb =
49 MPa, that is 12% lower than that of pure PS and b = 1.7%, that is more
than 3 times lower than that of pure PS.
The behavior of elastic modulus of composites plotted in Fig. 4 as function
of filler concentration demonstrates that introduction of more rigid particles
leads to more profound increase in the elastic modulus, with the highest
rise obtained with carbon nanofillers. The elastic modulus rised from 1.6
GPa for pure PS to 2.8 GPa for composites with 10% of CNT or CB. It
should be emphasized that CB particles provided higher strength and strain
at break of composites than CNT, with strength at break being even higher
than that of pure PS. We can thus conclude that from the point of view
of linear elasticity carbon nanofillers provide more pronounced changes in
elastic properties, with CB seeming more promising.
3.4. Nonlinear elastic properties
The analysis of nonlinear elastic properties of fabricated composite sam-
ples was performed for samples from each group of nanofillers, which demon-
strated most profound changes of linear elastic properties: PS + 20% SiO2,
PS + 10% HNT and PS + 20% CB. The analysis was based on measurements
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Sample Strength Tensile elastic Strain
at break modulus at break
σb, MPa E, GPa b, %
PS pure 56± 1 1.6± 0.1 5.6± 0.2
PS+1% Mica 56± 4 1.84± 0.02 4.4± 0.1
PS+3% Mica 54± 2 1.86± 0.04 4.1± 0.2
PS+5% Mica 56± 5 1.94± 0.05 3.9± 0.3
PS+5% HNT 52± 1 1.68± 0.15 5.7± 0.3
PS+10% HNT 49± 6 2.00± 0.06 2.8± 0.5
PS+15% HNT 46± 4 2.08± 0.09 2.4± 0.2
PS+1% MMT 58± 4 1.85± 0.04 3.9± 0.4
PS+3% MMT 50± 4 1.89± 0.04 2.9± 0.3
PS+5% MMT 46± 2 1.93± 0.07 2.6± 0.2
PS+5% SiO2 52± 2 1.68± 0.15 5.7± 0.3
PS+10% SiO2 32± 1 1.83± 0.17 2.8± 0.2
PS+20% SiO2 31± 3 1.83± 0.2 2.2± 0.2
PS+10% Al2O3 57± 1 1.9± 0.1 4.1± 0.5
PS+20% Al2O3 49± 1 2.0± 0.1 3.1± 0.2
PS+10% CB 74± 2 2.8± 0.1 3.1± 0.2
PS+20% CB 65± 5 3.0± 0.2 2.1± 0.6
PS+5% CNT 53± 3 2.6± 0.2 1.9± 0.3
PS+10% CNT 49± 3 2.8± 0.2 1.7± 0.2
Table 3: Mechanical properties of PS-based composites with different fillings.
of the third-order elastic moduli and examined in experiments on monitoring
of the evolution of bulk nonlinear strain waves in these composites.
3.4.1. Measurements of the third-order elastic moduli
Table 4 presents sets of data on the second- and third-order moduli for 3-
plate layered sandwiches of these composites, obtained from ultrasonic mea-
surements. For comparison measurements were also performed for a bulk
non-layered specimen made of a commercial grade pure polystyrene.
As can be seen from the Table elastic parameters of the specimen made
of adhesively bonded plates of pure polystyrene fabricated by melt technol-
ogy differ from those of commercial grade bulk specimen only slightly, and
can be due to several factors, among which are the difference in polymer
structure and fabrication process and the influence of adhesive layers. At
15
Figure 4: Elastic modulus of PS-based composites as function of filler concentration.
the same time as can be readily seen from the Table all the three nanofillers
cause more noticeable changes in both linear and nonlinear elastic moduli.
The noticeable rise of the second-order Lame moduli λ and µ is observed
in all composites The Young’s modulus E calculated from these data com-
prised 3.85 GPa for PS pure and 4.23, 4.29 and 4.58 GPa for nanocomposites
with SiO2, HNT and CB particles respectively. Thus in terms of linear elas-
tic properties the addition of studied nanofillers to the polystyrene matrix
provided efficient reinforcement of the material. The Young’s modulus E
of composites obtained by ultrasonic measurements exceeded the static one
(Table 3) by approximately 2 GPa. It corresponds to a typical frequency
dependence of elastic moduli of polymer materials [44].
Changes in the nonlinear, third-order moduli l, m and n, demonstrate
more complex behavior. In general for all the composite samples changes in
the nonlinear moduli were more profound than changes in the linear, second-
order moduli λ and µ. Among the nonlinear moduli the l modulus demon-
strated prominent variations in all the composites with the maximal change
of about 84 % observed in the CB-containing one. The n modulus showed
high relative variation, of about 91 % only in PS+HNT samples, while varia-
tions of the m modulus were not so high and reached about 50% in PS+HNT
and PS+CB nanocomposites.
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Material Elastic moduli, GPa
λ µ l m n
PS commercial 2.80 1.44 −46.2± 1.8 −14.8± 0.7 −7.5± 0.6
PS pure 2.76 1.45 −44.5± 1.3 −12.8± 0.5 −5.7± 0.4
PS + 20% SiO2 3.35 1.58 −64.2± 1.9 −15.8± 0.9 −7.35± 0.7
PS + 10% HNT 3.02 1.62 −40.9± 2.1 −18.6± 1.0 −10.9± 0.9
PS + 20% CB 3.58 1.71 −81.9± 2.7 −18.9± 0.8 −5.4± 0.8
Table 4: Second- and third-order elastic moduli of nanocomposite samples determined
from ultrasonic measurements. Second-order moduli λ and µ is measured within error
tolerance of 0.02 and 0.01 GPa, respectively.
3.4.2. Evolution of bulk strain solitons
The effect of changes in elastic features of polystyrene provided by addi-
tion of different nanofillers was examined on the particular example of non-
linear elastic process: formation and evolution of bulk nonlinear strain waves
in two- or three-layered waveguides containing one or two nanocomposite
layer(s), respectively. In common with ultrasonic measurements experiments
were performed with the three types of fabricated composites: PS + 20%
SiO2 particles, PS + 10% HNT and PS + 20% CB, which demonstrated
most profound change of the elastic modulus among each type of fillers (see
Table 3). Soliton parameters obtained in waveguides with composite layers
were compared with those obtained in waveguides of the same construction
but with layers of pure polystyrene instead of composites.
Fig. 5 presents waveguide schematics for the 3-layer layout, representative
examples of recorded digital holograms and reconstructed phase images ob-
tained in waveguides with HNT-containing composite layers and phase shift
distributions representing solitons in the transparent middle layer.
Since the soliton is essentially a long trough-shaped wave with smooth
fronts, its width is measured with relatively high error. Therefore our anal-
ysis was based on the data on soliton velocity (which is directly related to
its amplitude) and decay decrement. Taking into account the direct propor-
tion between the strain wave amplitude and recorded phase shift, the decay
decrement was calculated as:
α =
1
x2 − x1 ln
ϕ1
ϕ2
(7)
where x1 and x2 are positions of soliton maxima in the two areas of the
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waveguide (for example, in zones I and IV in Fig. 5(a) and in zones II and
IV in Fig. 5(d)).
The data obtained on soliton parameters in the above mentioned waveg-
uides is summarized in Table 5. As can be seen from the Table, silica nanopar-
ticles caused small modifications to the soliton parameters that are almost
within the experimental errors. HNTs provided more noticeable changes, es-
pecially in terms of the decreased decay decrement. And addition of CB par-
ticles resulted in most profound changes in soliton parameters. The general
trend of these changes correlates with changes of elastic modulus obtained
for composites with these fillings from tensile tests (Table 3). Furthermore,
the nonlinearity coefficient β (Eq. (6)), calculated from the data on linear
and nonlinear elastic moduli obtained from ultrasonic measurements (see Ta-
ble 5), demonstrated similar trend, showing least change in SiO2-containing
composites, and more significant changes in composites with HNT and CB
particles.
Material Non- Soliton Decay
linearity velocity decrement
β, GPa v, m/s α, cm−1
PS commercial −32.6 1800± 7 0.012± 0.006
PS pure −26.8 1772± 10 0.041± 0.006
PS + 20% SiO2 −33.0 1801± 9 0.039± 0.006
PS + 10% HNT −43.2 1820± 10 0.018± 0.004
PS + 20% CB −39.3 1887± 13 0.010± 0.005
Table 5: Soliton velocities and decay decrements in nanocomposites.
4. Conclusions
We have thus performed a comprehensive analysis of mechanical prop-
erties of PS-based nanocomposites filled with different types of inclusions:
spherical particles (SiO2 and Al2O3), alumosilicates (montmorillonite, hal-
loysite natural tubules and Mica) and carbon fillers (carbon black and multi-
walled carbon nanotubes). The analysis was performed on composite samples
fabricated under the same conditions and comprised tests at all steps of ma-
terial fabrication procedure followed by assessment of linear elastic properties
using standard measurement technologies and of nonlinear elastic parameters
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Figure 5: Holographic recording of solitons propagating in 3-layered waveguides made of
pure PS (a–c) and with layers of nanocomposite PS+10%HNT (d–f). (a,d) – waveguide
schematics; (b, e) – digital holograms and reconstructed phase images of solitons in the
beginning (top rows) and at the end (bottom rows) of layered structures; (c,f) - phase
shift distributions in corresponding solitons.
using the laboratory set-up. The composite behavior was finally evaluated
by monitoring of evolution of nonlinear waves in it.
Testing of composite melts showed that introduction of all types of parti-
cles, except Mica, to PS melts caused noticeable rise of melt viscosity being
more profound at higher filler concentration. The most pronounced rise was
observed with the introduction of MMT, CNT and Al2O3 at high concen-
trations. At low shear rates the effective viscosity of polymer melts at these
filler concentrations increased by an average of 2 to 5 orders of magnitude
over pure PS, that is known to be indicative of a network structure formed
by the polymer and the filler.
The control of filler distribution in the polymer matrix verified that parti-
cles of all types were sufficiently uniformly distributed in the polymer matrix,
agglomerates sized no bigger than 1–2 µm have been observed in some sam-
ples at higher filler concentrations.
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The analysis of linear elastic properties of fabricated samples demon-
strated that introduction of more rigid particles led to more profound in-
crease in the elastic modulus, with the highest rise of about 80% obtained
with carbon fillers. It is worth noting that along with the enhancement of
elastic modulus CB particles provided also enhanced strength at break, about
20% higher than that of pure PS, and CNT particles allowed for maintaining
this value about the same as that of pure PS.
Measurements of nonlinear elastic parameters demonstrated that the third-
order elastic moduli are more sensitive to addition of filler particles to the
polymer matrix than the second-order ones. However, no general trend was
observed in their variations from one filler to another. Alternatively the
nonlinearity coefficient β used for description of bulk nonlinear strain waves
and comprising the combination of linear and nonlinear elastic moduli of a
material demonstrated considerable changes correlating with changes of the
Young’s modulus in these composites. The absolute value of β showed high-
est rise in 1.6 times in the HNT-containing composite as compared to that
in pure PS.
The changes in nonlinear elasticity of fabricated composites were vali-
dated by measurements of the velocity and decay decrements of bulk non-
linear strain waves. It was shown that the higher was rise in |β| value the
more significant was the increase of wave velocity and decrease of its decay
decrement.
We have to note that to the best of our knowledge this is the first so fully-
featured research of the complete set of linear and nonlinear elastic properties
performed for polymer nanocomposites with different types of filler particles.
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